Porous silicon rugate filters are fabricated and investigated for their ability to sense chemical species. The durability of the filter is tested by allowing the structure to undergo many cycles of adsorption and desorption of vapor-phase ethanol molecules. The characteristic reflectivity peak of the structure exhibits a relative blueshift of 2.7% after 86 adsorption/desorption cycles. The observed shift is ascribed to the formation of silicon dioxide, which has a lower refractive index than that of silicon. In order to stabilize the structure against oxidation expected from cycling and environmental exposure, the filter is subjected to electrochemical oxidation in an aqueous sulfuric acid electrolyte. The treatment dramatically improves stability of the sensor; a relative blueshift of Ͻ0.4% is observed after 100 adsorption/desorption cycles for this sensor. The sensitivity of the sensor is also affected by electrochemical oxidation: the response to saturated ethanol in air changes from ⌬ = 100 nm to ⌬ = 70 nm, respectively. Theoretical calculations using the Bruggeman effective medium approximation and the characteristic matrix method indicate that up to 15% ͑by volume͒ of silicon is transformed to silicon dioxide by the electrochemical oxidation procedure. This volume ratio is close to that estimated from Auger electron spectroscopy measurements.
I. INTRODUCTION
The optical or electrical properties of porous silicon 1, 2 ͑PS͒ single layers have been used in many chemical and biological sensing applications due to the large specific surface area of the material ͑200-800 m 2 /cm 3 ͒. The adsorption of chemical or biological substances into the pores modifies the electrical 3, 4 and optical 5, 6 properties of porous silicon, allowing convenient and sensitive measurement of bonding events. The high surface area of porous silicon also provides a convenient means of immobilizing a large amount of various biomolecules including enzymes, 7 DNA fragments, 8 and antibodies 9 in a relatively small area. Porous silicon is typically prepared by electrochemical anodization of crystalline silicon in hydrofluoric ͑HF͒ acid solution. The anodization current density determines the porosity, which is the volumetric fraction of the pores inside the structure. The higher the porosity, the lower is the refractive index. It is generally accepted that the electrochemical etching process in the silicon/fluoride system is self-limiting and occurs only at the interface between porous Si and crystalline Si substrate, that is, the already etched porous layer is unaffected by further electrochemical etching. 10, 11 Thus the porosity can be modulated in depth. 12, 13 This allows the fabrication of PS multilayers with a variety of refractive index profiles. This is a rapid and inexpensive means to fabricate one-dimensional photonic structures. The spectral peak position of the multilayer is a strong function of the average refractive indices of the layers, and a shift in the photonic feature has been shown to provide a very sensitive method for detection of condensable vapors 14, 15 and other molecules that can enter the pores. This method can also be applied for the detection of explosives 16 and chemical weapons. 17 A rugate filter 18 prepared by sinusoidally modulating current density during anodization of silicon exhibits a characteristic spectral peak in the reflectivity spectrum. The porous silicon rugate filter ͑PSRF͒ has similar filter characteristics compared to conventional porous silicon multilayers based on a Bragg stack optical structure. 19 Rugate filters possess a gradual variation in porosity, while the porosity in porous silicon Bragg reflectors varies abruptly layer by layer. In a Bragg stack, the individual layers must be designed such that they are phase matched, while rugate filters do not have this requirement and so they are simpler to fabricate. 20 The mechanical and chemical stability of PSRFs is an important issue, especially for applications in which the material is thermally cycled or repeatedly flushed with liquid. Oxidation is one of the most common stabilization methods. It imparts a hydrophilic character to the surface which allows the structure to sense hydrophilic molecules that are miscible with water. In addition, the temperature dependence of silicon refractive index in the visible and near infrared regions causes the resonant wavelength of silicon-based photonic structures to redshift upon heating. 21 The surface stress induced by oxide coverage on a silicon matrix has been shown to counterbalance this effect and reduce the temperature dependence of the photonic crystal resonant. 22 The method employed here involves electrochemical oxidation, which has the advantage that it is relatively easy to incorporate into the porous silicon manufacturing process. Thermal oxidation of porous silicon multilayers 23 is widely used to produce stable interference filters, but this method has been shown to collapse the pore structure in some cases. 24 Various oxidative methods to improve the mechanical weakness have been investigated. 25, 26 Electrochemical oxidation, on the other hand, can be easily controlled by the amount of charge passed, which is proportional to the amount of oxide formed.
In this study we discuss some parameters that produce degradation in the spectral line shape of PSRFs employed for sensing various chemical species. We focus on the electrochemical oxidation of PSRFs as an efficient and easy technique to stabilize the filters. Another objective of this study is to try to clarify the mechanism of electrochemical oxide growth in PSRFs.
II. EXPERIMENT A. Sample preparation
A PSRF was prepared by electrochemical anodization of a ͑100͒-oriented boron-doped p-type silicon wafer ͑0.01-0.02 ⍀ cm in resistivity͒ in 22 wt % HF ethanolic solution. Prior to anodization, the silicon wafer was dipped in 5 wt % HF solution to remove the native oxide. The electrochemical anodization cell made of trifluoroethylene resin was employed with an O ring at the bottom that allowed an effective electrode area of 0.79 cm 2 . Current density, supplied by a programmable current source ͑Keithly 6221͒, was sinusoidally oscillated between 68 and 94 mA cm −2 . After performing anodization, the sample was dried under a stream of dry argon gas.
Two porous silicon single layers were prepared by applying current densities at the highest and lowest values of the current signal applied for the etching process. The porosity, P in , of each layer was gravimetrically estimated. 27 Porosity values of 53% and 42% were obtained corresponding to the higher and lower current densities, respectively. Since the average pore size is much smaller than the incident visible wavelength used in this study, the refractive index of the prepared single layers can be estimated using Bruggeman's effective-medium-approximation relationship 14 given by
where n air , n Si , and n eff are the refractive indices of air, silicon, and the effective porous medium, respectively. Refractive indices of 2.15 and 2.44, corresponding to the lower ͑n L ͒ and higher ͑n H ͒ limiting refractive indices, were obtained using Eq. ͑1͒. It should be pointed out that the Bruggeman model used in this work is a simple effective medium approximation. However, this simple model is applicable to porous materials with moderate porosity such as porous silicon prepared from heavily doped silicon, as described by Theiss.
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B. Experimental setup for durability investigation
An experimental setup was employed to check the durability of the fabricated PSRFs. The sample was placed in a cell into which air saturated with ethanol vapor was introduced. The cell had an optical window to measure reflectance spectra in situ. An electric current was allowed to pass through the silicon substrate to heat the sample. The reflectance spectra were in situ collected during repeated cycling of the electric current between on and off states under continuous exposure to the saturated vapor.
C. Electrochemical oxidation
The electrochemical oxidation of the PSRF was carried out in a three-electrode cell connected to an automatic polarization system ͑HZ-3000, Hokuto Denko͒. The filter acted as the working electrode. The counterelectrode was a platinum rod, whereas Ag/ AgCl was used as the reference electrode. Anodic oxidation was performed in 1M H 2 SO 4 under galvanostatic conditions of 2.5 mA cm −2 and different oxidation times.
D. Characterization
A tungsten-halogen lamp was used as a source of illumination and the reflectance spectra were measured using a spectrograph equipped with a charge-coupled device ͑CCD͒ detector. Reflection-mode fourier transform infrared ͑FTIR͒ spectra were recorded in dried air environment by means of a spectrometer ͑Jasco FT-IR-460͒. A silicon wafer was used as reference. The data were averaged over 64 scans with a resolution of 4 cm −1 . Scanning electron microscopy ͑SEM͒ ͑JSM-5600 JEOL͒ was used to observe the porosity variation in the direction of pore propagation and to determine the thickness of the porous film. Auger electron spectroscopy ͑AES͒ ͑BJAMP-7810 JEOL͒ provided an elemental analysis over the whole cross section of the filter.
III. RESULTS AND DISCUSSION
A. Fabrication and characterization of PSRF
A sinusoidal current oscillating between 68 and 94 mA cm −2 was applied for 5 min to prepare a PSRF. This condition produced a multilayer of 11.5 m in thickness with an average apparent pore size of 25 nm. PSRFs having different periodicities were prepared by changing the periodic time of the current signal used in the anodization process. Figure 1 shows the dependence of the resonant wavelength on the period of the electric current wave form. Resonant wavelengths of 453, 545, and 673 nm were obtained corresponding to periodicities of 0.09, 0.11, and 0.15 m, respectively. The resonant feature is determined by the periodicity and the refractive index gradient of the structure. 29 The cross-sectional SEM image of PSRF whose resonant wavelength is located at 545 nm is depicted in Fig.  2 . This image shows the porosity variation in the direction of 083520-2 Salem et al. J. Appl. Phys. 100, 083520 ͑2006͒ pore propagation. When this structure is exposed to condensable vapor such as ethanol or methanol, a capillary condensation of vapor to liquid displaces the air in the nanometersized pores. 30 The condensation causes an increase in the average refractive index of the matrix, which results in a significant redshift in the reflectivity spectra, as displayed in Fig. 3 . This behavior provides a general, nonspecific means to sense various volatile chemical species. The obtained redshift correlates with the refractive index and the vapor pressure of the analyte.
B. Durability for repeated use
The stability of PSRF is an essential issue for repeated use in environmental sensing applications. The stability of an as-prepared sample was investigated using the setup described in the Experiment section. An as-prepared PSRF was maintained under continuous exposure to ethanol-saturated air. Electric current was applied through the silicon substrate and varied between on and off states. The resulting resistive heating allows the structure to undergo many adsorptiondesorption cycles of ethanol molecules. When electric current was turned off, an observable redshift was detected, as shown in Fig. 4 , due to the capillary condensation of ethanol vapor into the pores and the subsequent increase in the average refractive index of the filter as it cools down. By switching on the current, resistive heating causes a complete drying of the pores due to the thermal evaporation of ethanol molecules and shifts the resonant wavelength back to its original ͑in air͒ position. It is found that a relative blueshift of 2.7% from the original peak wavelength is observed after 86 cycles of the durability test. This blueshift is attributed to the oxidation of the multilayer.
FTIR spectra ͑data are not shown here͒ were recorded before and after 86 cycles of the durability test. FTIR of a freshly prepared filter shows the Si-H stretching modes and other features characteristic of a typical as-prepared porous silicon single layer. 31 After 86 cycles of the durability test, a loss in the intensity of the Si-H x stretching modes and complete disappearance of Si-H 2 scissors mode were observed. In addition, three further absorption bands are observed at 850, 1100, and 2927 cm −1 . The former two bands are assigned to stretching vibrations of silicon oxide, and the peak at 2927 cm −1 is attributed to the C-H stretching modes of ethanol. 32 These results indicate that an oxidation of the PSRF occurs after repeated cycling in an oxygen-containing 
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Salem et al. J. Appl. Phys. 100, 083520 ͑2006͒ environment and that ethanol molecules become either chemisorbed or strongly physisorbed to the silicon oxide surface.
C. Aging of PSRF
The effects of environmental aging are of importance in the practical applications of porous silicon multilayers. The growth of native oxide in an uncontrolled manner leads to zero-point drift in the reflectivity spectrum that are not acceptable for most sensor applications. A relative blueshift of 1.4% in the resonant wavelength of the PSRF was observed due to storage in ambient conditions for four months, as shown Fig. 5 . This can be interpreted as the transformation of part of silicon to silicon oxides which have a refractive index lower than that of silicon. In a related work, 33 ,34 the resonant wavelength of a porous silicon multilayer prepared from lightly doped silicon exhibited a blueshift greater than 4% in 100 days of the storage in ambient atmosphere. The difference between our results and the previously reported results is most likely related to the different doping level of the silicon substrates, different levels of ambient oxidants such as nitrogen oxides and ozone, and uncontrolled changes in the relative humidity. The highly doped silicon used in the present study produces a mesoporous structure which has a slower oxidation rate than that of the microporous structure obtained from lightly doped silicon due to its lower specific surface area. 35, 36 Aging builds oxides from upper to lower layers with an oxidation rate proportional to the specific surface area and the thickness of the multilayer. This effect makes the freshly prepared porous silicon multilayers unsuitable for most environmental sensing applications.
D. Electrochemical oxidation
A PSRF was electrochemically oxidized to avoid uncontrolled oxidation caused by natural aging and to enable the repeated use in oxygen-containing samples. The electrochemical oxidation of a PSRF was conducted in 1M H 2 SO 4 at current density of 2 mA cm −2 . The potential transient during oxidation exhibited the same behavior as in the case of the single layer. 37 An almost constant potential was observed initially, followed by a slight increase in potential with increasing oxidation time. The oxidation reaction is generally limited by hole concentration at the silicon surface. Holes are available preferentially at the pore bottom, and oxidation initiates in this region. Once the pore bottom becomes covered by an oxide layer, feedback control in the galvanostat increases the applied potential to maintain constant current density. Oxidation then proceeds through the pore walls toward the top of the porous film. The oxidation process stops before complete oxidation of the multilayer because the electrical contact between the bulk silicon and the pore tip of the lowest porous layer is broken by the oxide. This situation corresponds to a sudden rise of the electrode potential observed at long oxidation time. Thus the anodization process becomes self-limiting.
The FTIR spectra of PSRF were observed at different stages of oxidation time. These results indicate that oxidation generates mainly SiO-H, O y = Si-H x , and Si-O-Si absorption bands 31, 38 and leaves behind some Si-H x surface species. The remaining Si-H x species observed provides evidence that some fraction of the silicon nanocrystallites are unaffected by the oxidation process.
The evolution of the resonant wavelength of the PSRF with oxidation time is depicted in Fig. 6 . As the oxidation time increases, the degree of oxidation increases and the resonant wavelength shifts toward the blue end of the spectrum. Oxidation replaces silicon nanocrystallites with silicon oxide, which has a refractive index lower than that of silicon. The resonant wavelength displays no further blueshift at oxidation time longer than ϳ20 min. As mentioned above, the self-limiting nature of the electrochemical oxidation process results in only a fraction of silicon being transformed to silicon dioxide. The fraction of the oxidized silicon was investigated by AES. Figure 7 shows the AES spectrum averaged over the whole thickness of a PSRF anodically oxidized at 2.5 mA cm −2 for 20 min. The volumetric fraction of silicon which has been converted to silicon dioxide at an oxidation time of 20 min is estimated as 14.1% using the spectrum shown in Fig. 7 .
The durability of the oxidized structure for sensing ethanol vapor-saturated air was investigated. It was found that the oxidized structure endured more than 100 adsorptiondesorption cycles in ethanol vapor without any detectable change in the resonant wavelength ͑Ͻ0.4 nm͒ and characteristic peak shape. The reflectance spectrum of the oxidized filter was obtained again after maintaining the filter in an 
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Salem et al. J. Appl. Phys. 100, 083520 ͑2006͒ ambient air environment for 6 months. No degradation of the characteristic resonant peak was observed during and after this time period. It seems that electrochemical oxidation renders the filter stable enough to be employed in environmental sensing applications. It is worth mentioning that chemical functionalization by grafting of organic groups to porous silicon via Si-C bonds has also been implemented to protect the material from natural oxidation. 39, 40 The relative sensitivity of the filter decreases somewhat on oxidation. The freshly prepared ͑Si-H terminated͒ PSRF exhibits a redshift in the resonant of ϳ100 nm when exposed to ethanol-saturated air, while the electrochemically oxidized PSRF exhibits a shift of only ϳ70 nm. Table I compares the change in the resonant wavelength of the oxidized PSRF after infiltrating various liquids into the pores and exposing the structure to saturated vapor of each liquid. The steady state was reached after 15 min of exposure to saturated vapor for all the analytes studied. Liquids used in this study are methanol, acetonitrile, ethanol, 2-propanol, n-heptane, and ethylene dichloride whose refractive indices are 1.32, 1.34, 1.36, 1.37, 1.39, and 1.42, respectively. The redshift produced after exposure to saturated vapors of ethanol and methanol is smaller than that obtained in Fig. 3 using as-prepared PSRF. This is attributed to the lower average refractive index of oxidized PSRF, which provides a smaller change in average refractive index of the matrix upon liquid infiltration into the pores. The peak positions after the pores are completely filled with liquid are also given in the table. Table I implies that a partial substitution of air with liquid occurs when exposing the filter to saturated vapors and completely liquid-filled pores cannot be obtained via capillary condensation. The result is in agreement with Snow et al., 14 and contradicts the study by Mulloni and Pavesi 41 which reported 100% filled pores due to capillary condensation of liquids into the pores. This contradiction can be explained by the use of different types of silicon substrates. Mulloni and Pavesi fabricated their multilayer structure ͑a Bragg stack͒, from lightly doped silicon. This low doping level produces a microporous material ͑pores Ͻ2 nm in diameter͒ which allows microcapillary condensation to occur in a much larger fraction of the porous film. The oxidized structure was also exposed to saturated vapor of dichloromethane which has almost the same refractive index as ethanol. The redshift produced due to the condensation of dichloromethane molecules was smaller than that of ethanol. The former liquid has higher vapor pressure ͑381 torr at 20°C͒ which results in difficult condensation into the pores.
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E. Simulation for PSRF design and oxidation
The refractive index profile of a rugate filter sinosoidally oscillating between n L and n H can be represented as
where N peak is the peak-to-peak index variation, n H − n L , N av is the average index of the filter, 1 2 ͑n L + n H ͒, X is the film thickness, and 0 is the central wavelength of the filter. The theoretical reflectivity spectrum was calculated based on the transfer matrix method. 43 The sinusoidal variation of refractive index was treated as discrete layers. We divided each cycle of the refractive index profile into different numbers of layers and calculated the reflectivity spectrum in each case until the result became independent of the number of layers. We found that dividing each cycle of the index profile into more than 23 layers has no significant effect on the calculated spectrum. Wavelength dependence of silicon refractive index was taken into consideration during calculations. Figure 8 compares the theoretical calculations to the experimentally obtained results. The experimental result shows a slight redshift in the peak position compared to the theoretically predicted position. This can be attributed to a deviation from the ideal sinusoidal variation in porosity assumed in our model. This depth inhomogeneity is more important for porous silicon multilayers with larger numbers of repeating layers. 44 The theoretical calculations display large sidelobes around the stop band. This can be suppressed during preparation of the films by including some matching layers and an apodization function to the etching wave form. 45 In addition, the sidelobes can be suppressed if the porous layer has significant absorption of light in the region of the spectrum of interest.
After anodic oxidation, the structure of porous silicon is no longer a mixture of silicon and air. A third component in 
͑3͒
where F SiO 2 is the volume fraction of silicon dioxide, whereas F f and F Si are the fractions of air and silicon remaining after oxidation. Assuming that some portion of silicon, x, has been transformed to silicon dioxide, the remaining volume fraction of silicon after oxidation, F Si , is 1−P in − x, where P in is the initial porosity prior to oxidation. Since the density of silicon and silicon dioxide has nearly the same value ͑2.3 and 2.2 g / cm 3 ͒, addition of 2 mol of oxygen for every mole of silicon results in a 2.27-fold increase in volume of the solid portion of the matrix. This volume increase produces a silicon dioxide volume fraction of 2.27x. The remaining volume fraction in the oxidized structure accounts for the change in porosity upon oxidation. At a very high degree of oxidation, the volume increase of the solid matrix becomes higher and leads to the collapse of the porous structure. Based on these assumptions, the Bruggeman equation for the oxidized porous silicon layer can be written as: The change in the lower and upper values, n L and n H , of the PSRF refractive index profile upon oxidation can be estimated using Eq. ͑4͒. We assume that oxidation proceeds uniformly through the thickness of the filter and employ Eq. ͑2͒ once again as well as the matrix method to calculate the reflectivity spectrum at different volumetric fractions, x, of the oxidized silicon. It is difficult to estimate how the thickness of each layer changes upon oxidation. The SEM data indicate that the oxide layer formed at the top of the filter is very thin ϳ500 nm compared to the overall thickness of the filter and can be expected to impose no significant difference on the calculated results. Figure 9 shows the resonant wavelength change with the variation of the fraction of oxidized silicon. The resonant wavelength is taken as the center of the stop band obtained from the simulated spectra. Comparing these results with Fig. 6 allows an estimate of the volume fraction of silicon transformed to silicon dioxide of approximately 15% resulting from electrochemical oxidation. This volume density is in agreement with that roughly estimated from the AES measurements.
The change in n L and n H of the oxidized PSRF due to complete filling the pores with different liquids can be easily estimated from Eq. ͑4͒ by replacing the refractive index of air by that of the liquid concerned. The theoretical and experimental shifts of the resonant wavelength of the oxidized structure versus the refractive index of the liquid completely filling the pores are shown in Fig. 10 . Surprisingly, theoretical results are less redshifted compared to the experimental case. This discrepancy may be attributed to our simplified assumptions of the layer-by-layer uniform pore filling with liquids as well as a homogeneous oxide formation through the thickness of the filter. In fact, there is no guarantee for a homogenous oxide formation through the whole thickness of the structure. The fraction of air remaining after oxidation, F f = P in − 1.27x, is supposed to suffer additional decrease if we consider the formation of inhomogeneous oxide. Taking this fraction as the fitting parameter, a decrease in the final porosity by 10% is needed to obtain a good fit between theory and experiment as indicated by the dotted line in Fig.  10 . In all of the above calculations, we assumed that the oxidation of PSRF gives the form of silicon dioxide and neglected the possibility of the presence of silicon suboxides which may have a significant effect on the line shape of the oxidized structure. Stalmans et al., 46 believed that the stoichiometric ratio between silicon and oxygen varies with the layer depth.
IV. CONCLUSIONS
In this paper, we have used electrochemical oxidation as a convenient method to stabilize PSRFs employed for sensing gas-phase chemical species in air. This stabilization method improves the durability of the filter and prevents uncontrolled oxidation produced by ambient conditions. The oxidation behavior of porous silicon multilayers is similar to that of single layers. Electrochemical oxidation is selflimiting, and oxidizes the multilayer to an extent of about 15% confirmed by optical and AES measurements. The redshift due to liquid infiltration into the oxidized PSRF shows an approximately linear dependence on refractive index, as expected from the Bruggeman effective medium approximation.
